In addition, they conferred protection from a lethal HTN challenge to newborn mice. A PEPSCAN assay localized the epitope of MAb E5/G6 between aa 166-175. Since E5/G6, which had the highest inhibitory effect both in cells and in mice, showed no virus neutralization activity by ordinary neutralization test, this region is suggested to be important for the virus growth after entry into the cells.
Introduction
Hantaan virus strain 76-118 (HTN) is the prototype of the Hantavirus genus of the Bunyaviridae family and is a causative agent of haemorrhagic fever with renal syndrome (HFRS) (Lee et al., 1978) .
As reported for other members of the Bunyaviridae and other enveloped viruses, HTN viral envelope proteins possess haemagglutinating (HA) activity and induce pH-dependent cell fusion (Arikawa et al., 1985) . Both G1 and G2 proteins contain neutralization-related epitopes (Arikawa et al., 1989) .
The nucleocapsid protein (NP), which is antigenically and genetically more conserved (Rossi et al., 1990; Lundkvist et al., 1991) than the envelope proteins among hantaviruses, has been applied mainly as a diagnostic antigen (Z611er et al., 1993; Wang et al., 1993) . Neutralizing activity of anti-NP antibody is not detected by the ordinary plaque reduction neutralization test. However, immunization with HTN NP or passive transfer of the anti-HTN NP antibody has conferred protective immunity in animal studies Yoshimatsu et al., 1993b) . These results suggest * Author for correspondence. Fax +81 11 706 7879. e-mail j_arika@med.hokudai.ac.jp that NP plays an important role in infection, particularly in virus growth. Gott et al. have reported that 100 amino acids of carboxy-proximal region of HTN and Puumala virus strain Sotkamo (PUU) NP retain RNA binding activity , whereas the 100 amino acids of amino proximal region of Four Corners virus (FCV) are considered major linear epitope from the reactivity with patient or seropositive animal sera by Western blot (Yamada et al., 1995) .
To examine the relationships between the structure and functions of NP in more detail, we prepared monoclonal antibodies (MAbs) to Hantaan virus NP and mapped the epitopes. In addition, the protective effects of anti-NP antibodies were studied in vitro by administration into tissue culture cells and in vivo by passive transfer to mice.
Indirect irnmunofluorescent antibody (IFA) test.
The IFA test was performed essentially as described previously (Yoshimatsu et al., 1993a) . Fluorescein isothiocyanate (FITC)-conjugated anti-mouse Ig (G + M + A) affinity-purified goat IgG (Cappel) was used as the second antibody. IFA titres are expressed as the reciprocal of the highest antibody dilution that caused characteristic fluorescence in the cell.
Preparation ofmonoclonal antibodies. Vero cells were inoculated with HTN at an m.o,i, of 0.01. Seven days thereafter, the ceils were lysed with 1% Triton X-100 in PBS. Five-week-old, female BALB/c/slc mice were injected in both hind leg muscles with the cell lysates (5 x 106 cells/mouse) which were mixed with equal volumes of Freund's complete adjuvant (Difco). Two weeks later, the mice were injected with the same antigen mixed with Freund's incomplete adjuvant (Difco). Booster injections were repeated two to four times with same antigen at 2 week intervals. A final injection without adjuvant was administered intraperitoneally. Three days later, spleens were removed and used for fusion to P3-X63.Ag8.U1 using polyethylene glycol 1500 (PEG 1500; Boehringer), according to Boehringer's instructions. All animals were treated according to Laboratory Animal Control Guidelines in our Institute which conform to those of the National Institutes of Health, USA.
Hybridoma culture fluids were screened for the presence of Hantaan virus-specific antibodies using the IFA test~ The viral protein specificities of secreted MAbs were determined by IFA reactivities against recombinant baculovirus-expressing NP or envelope protein alone in BraN cells. Selected hybridomas were inoculated into BALB/c/slc mice to induce ascites.
The individual MAbs were isotyped in cell culture supernatants by ELISA followed by peroxidase-conjugated rabbit anti-mouse IgG1, IgG2a, IgG2b, IgG3, or IgM (Zymed), as described above.
Six MAb clones were a gift from C. J. Peters (Centers for Disease Control, Atlanta, Ga., USA). Suspensions of brain materials from infected mice or gerbils were inactivated by gamma irradiation and used as immunogens. ECO2, BDO1 and FDO3 were directed to HTN, ECO1 and KAO6 were directed to Seoul virus strain R22 and GBO4 was directed to PUU (Ruo et al., 1991) .
Western blotting. Vero E6 cells infected with HTN virus were lysed with 1% SDS and 1% 2-mercaptoethanol. The lysate was boiled for 2 min and used as the antigen. Western blotting was performed as described (Yoshimatsu et al., 1995) .
Competitive binding as:~ay to ttantaan antigen in EL1SA. MAbs were purified from ascites or culture supernatant by Protein A column chromatography (Affi-Gel, MOPS II kit; Bio-Rad). Purified IgG was biotinylated with N-succinyl biotinyl ester (EY Lab).
The relative binding avidity of MAbs to solid-phase viral antigen was evaluated by avidin-biotin indirect ELISA. Flat-bottomed 96-well microtitre plates were coated with gradient-purified HTN virions in sodium bicarbonate buffer (pH 9-6), then incubated at 4 °C overnight. Non-specific binding was blocked with 3 % skimmed milk in PBS. After a 1 h incubation at room temperature, the plates were washed three times with PBS containing 0.05 % Tween 20 (PBS-T). Dilutions of each biotin-labelled MAb were added and incubated for 1 h at room temperature. Alter washing as described above, peroxidase-conjngated avidin (Z1~aned) was added to the wells and incubated for 1 h at room temperature, Thereafter, ABTS peroxidase substrate (Sigma) was added and the plates were incubated for 30 rain at room temperature. The relative binding avidity was defined as the amount of antibody required to yield an A405 of 0.4.
For use in competitive binding assays, the protein concentration of the unlabelled MAbs was adjusted to 100 gg/ml in 0.3 % BSA in PBS-T, and serial 10-fold dilutions of each antibody were added to 96-well plates coated with antigen as above. After a 1 h incubation at room temperature, the plates were washed three times with PBS-T, biotinlabelled MAbs were added and incubated 1 h at room temperature. The plates were washed and binding of biotinylated MAbs was detected with avidin--peroxidase as described above. Absorbance values at 405 nm were compared with those in the absence of competitive antibody. The inhibition patterns with dose-dependent manner were adopted. Over 75% inhibition was regarded as positive (+), less than 25% was regarded as negative ( -) and between 25 and 75% was regarded as intermediate (±) .
Expression and solubilization of truncated gene products by Escherichia coll. Complementary DNA of the HTN virus S genome segment was provided by C. S. Schmaljohn, USAMRIID (Schmaljohn et al., 1986) . To construct plasmid expressing complete NP, the entire coding region of the S genome segment of HTN virus was amplified by PCR using forward (HTNNPATG; 5' ATGGCAACTATGGAGGA-ATTACAG 3') and reverse primers (HTNNPEND; 5' TTAGAGT-TTCAAAGGCTCTTGGTT 3). The PCR product was ligated to the plasmid pCR vector of the TA-cloning kit (Invitrogen). The fragment containing the entire coding region of NP was digested with ~k'oRI, then purified by agarose gel electrophoresis and extracted with Geneclean resin (BIO101). We expressed the various regions of the S segment of the HTN, using various restriction enzymes to generate truncated genes (shown in Fig. 1 ). These genes were cloned into the plasmids PinPoint X-l, -2, or -3 (vectors of the PinPoint protein purification system; Promega) so that they were downstream of the fusion protein carrying a segment encoding a peptide which was biotinylated in E. coli. The junction of the resultant HTN virusPinPoint Xa vector was sequenced to confirm the retention of their reading frames. A PCR-derived subclone for expressing whole NP was confirmed to retain its restriction enzyme sites shown in Fig. 1 . The other subclone, which contained nucleotides 3%348, was checked by sequencing and no polymerase errors were detected.
Bacterial growth conditions were as described by the manufacturer of the PinPoint Xa system (Promega). The hantavirus NP biotinylated fusion protein was extracted from E. coll. Cultured E. coli (50 ml) was collected by centrifugation and suspended in 5 ml of solubilizing buffer (10 mM Tris-~HC1 pH 7-2, 0.15 ~I-NaC1, 1% Triton X-100 and 0"03 % SDS). The suspensions were sonicated three times, at a power setting of 30 % (Kaijyo Denki model IA-4280) for 30 s on ice, then centrifuged to remove the insoluble fraction. Solubilization of recombinant antigen was confirmed by staining Western blots with peroxidase-conjugated avidin.
Expression of the S genome segment by baculovirus,Varions regions of the S segment of the HTN were expressed using the baculovirus system (BmNPV). Truncated genes were generated using the restriction enzymes DraI and HindIII (shown in Fig, 1 ). Baculovirus recombinations proceeded as described (Horiuchi et al., 1987; Maeda et al., 1985) .
Avidin-eapture EL1SA. Flat-bottomed 96-well microtitre plates were coated with avidin (5 gg/ml) in sodium bicarbonate buffer (pH 9.6) and incubated at 4 °C overnight. After three washes with PBS-T, solubilized recombinant protein (40 pg/ml of protein content) was added to the avidin-coated plates for 1 h at room temperature. The plates were washed as described above, then serial 10-fold dilutions of each antibody were added and incubated for 1 h at room temperature. After washing with PBS-T as described above, bound MAbs were detected with peroxidase-conjugated goat anti-mouse lgG. An A405 that was twice that of the negative control (P3-X63.Ag8.Ul-induced ascites, NMAF), was defined as positive (+). Bam HI ( 138) HindIII( 7 6 9 ) [ DraI(348) BanlI (650) Immune precipitation assay. The binding of MAbs against conformational epitopes was determined by immune precipitation of biotinylated protein from E. coli lysates. MAbs and E. coli lysates were mixed and incubated overnight at 4 °C. Protein A-Sepharose CL-4B beads (Pharmacia) equilibrated with solubilizing buffer were then added and the mixture was rotated for 2 h at room temperature. The beads were washed four times with solubilizing buffer and suspended in SDS buffer (Tris-HC1 pH6-8, containing 2% SDS, 1% 2-mercaptoethanol) and boiled for 2 min. Electrophoresis and blotting proceeded as described (Yoshimatsu et al., 1995) . Precipitated antigens were detected using peroxidase-conjugated avidin after blotting to the membrane.
Scrape-loading of AIAbs into Vero 1£6 cells. Scrape-loading of MAb
into cells was performed according to Lafon & Lafage (1987) with partial modification. Briefly, 1 x l0 ~ Vero E6 cells in 25 cm ~ flasks were cultured for 48 h. Confluent cells were washed twice with 5 ml serumflee EMEM and drained. One mg of each MAb was diluted in serumfree EMEM to a final volume of 600 ~tl. Antibody solution was then poured onto the cells, which were scraped off with a rubber policeman (silicone rubber). Immediately after being scraped off, the cells were washed with 4 ml of ice-cold EMEM containing 5 % FCS. After a second wash in EMEM, the scrape-loaded cells were dispersed with a 27 gauge needle and distributed into the wells of tissue culture plates or slides (LabTek chamber). MAb-loaded cells were cultured overnight then inoculated with viruses at an m.o5. of 0' 1. The cells were fixed with acetone at 0, 1, 4 or 7 days after infection. Viral antigens were detected using IFA described above. The infectivity titres of culture supernatants were measured at 4, 7 or 9 days after infection.
Protective effects of MAbs in mice.
Pregnant BALB/c/slc mice were obtained from SLC (Hamamatsu, Japan). Newborn mice (within 24 h after birth) were injected subcutaneously with 50 gl of asdtes. Control groups were treated with ascites induced by P3-X63.Ag8.U1 cells, which were the parent myeloma cells used to prepare the hybridoma. Four hours after injection, the mice were inoculated with 40 or 4 LDs0 (80 or 8 f.f.u.) of H T N strain 76-118 clone 1. All the animals were manipulated in a P3 restricted laboratory.
P E P S C A N assay and synthetic peptide.
The PEPSCAN assay was performed as reported (Lundkvist et al., 1995) . Briefly, the complete amino acid sequence of the Puumala virus NP, deduced from the genome of the prototype strain Sotkamo, was synthesized as a decapeptide with 5 amino acid overlaps. A total of 86 peptides were examined for reactivity with MAb E5/G6. An additional decapeptide, which corresponded to the recognition site of MAb E5/G6 as revealed by PEPSCAN analysis, was synthesized from the amino acid sequence of HTN 76-118. An irrelevant peptide (pI) was used as control. The synthesized peptides (pE5/G6 and pI) were used in the competitive ELISA as follows. Serial five-fold dilutions of the peptide were mixed with MAb E5/G6 and incubated at 4 °C overnight. The mixture was added to 96-well plates coated with truncated NP (tr-NP) antigen according to the avidin-captnre ELISA procedure. The A4o 5 values were compared with those in the absence of a competitor peptide. Inhibitory effects were demonstrated as a reduction in the A40 ~ values.
Results

Antigenic sites defined by MAbs
A total of 10 untabelled and seven labelled MAbs to NP were used to define antigenic sites in a competitive binding assay. Table 1 shows seven competition profiles that may reflect the antigenic sites. These were designated as sites 1 to 7. Since the competition profiles overlapped they were roughly divided into three antigenic regions (I, II and III; dotted areas). There were instances of oneway competitions between FDO3 and ECO2, GBO4 and ECO2, probably attributable to low avidity MAbs inhibiting higher avidity MAbs. To clarify the antigenic properties of the antigenic sites, Western blotting and the IFA test were performed on each of the MAbs (Table 2 ). MAbs FDO3, GBO4, E5/G6 and C16Dll cross-reacted with four representative strains of hantavirus serotype, indicating that the antigenic sites 1, 4 and 5 shared a hantavirus genuscommon antigen. Similarly, site 2 (recognized by KAO6 and ECO2) cross-reacted with HTN and SR-11; site 3 (recognized by ECO1) cross-reacted with HTN, SR-11 and PA; site 6 (recognized by F23A1) cross-reacted with HTN, SR-11, PHV. Only site 7 (recognized by C24B4 and BDO1) was found to be specific for HTN. The epitopes of MAbs ECO2, ECO1 and E5/G6 (site 2, 3 and 4, respectively) were indicated to be linear since they were recognized in Western blotting. Other MAbs were considered to bind to conformation-dependent epitopes. 
Mapping of the antigenic determinants using truncated gene products and MAbs
T o d e t e r m i n e
t h e a n t i g e n i c d e t e r m i n a n t s (E. col±, P i n P o i n t X a s y s t e m ; P r o m e g a ) a n d a e u k a r y o t i c e xp r e s s i o n s y s t e m ( B m N P V ) w e r e u s e d t o e x p r e s s g e n e s r e p r e s e n t i n g t h e e n t experimentally infected with H T N (IMS, pooled from 50 mice) a n d M A b s were examined. F r o m the results of Western blotting (Fig. 2) , M A b s ECO2, ECO1 a n d E 5 / G 6 were shown to recognize linear epitopes on NP.
i r e N P c o d i n g r e g i o n s a s w e l l a s t h e t r u n c a t e d g e n e s o f H T N . T h e r e a c t i v i t i e s o f t h e e x p r
However, E 5 / G 6 failed to react with t r -N P (aa 1-103), indicating that the E 5 / G 6 site was located elsewhere o n N P (aa 104-429). The reactivities determined by ELISA, Western blotting, and I F A are summarized in Table 3 
Inhibition of virus multiplication by anti-NP MAb introduced to cells before infection
The antiviral effect of seven M A b s which recognized distinct antigenic sites was examined by detecting the viral antigen by I F A a n d by virus release in the culture s u p e r n a t a n t (Table 4) detected by IFA was apparently inhibited by MAbs ECO2, E5/G6, F23A1 and C24B4. Virus release into the culture supernatant was lowered with ECO2, E5/G6 and F23AI. The rate of inhibition increased with the reduction of m.o.i, from 0.1 to 0.01. (Table 4 ). These results indicated that ECO2 and E5/G6 inhibited virus growth in Vero cells.
Effect of transferring MAbs into newborn mice
The MAbs, ECO2, E5/G6, F23A1 and C16Dll were transferred subcutaneously into newborn mice 4 h before HTN inoculation. Thirty-five days after inoculation, the survival rates were determined (Table 5) . MAbs E5/G6, ECOI and F23A1 conferred protection from fatal HTN infection in newborn mice challenged with 40 LDs0. In addition, the survival rate increased with a reduced inoculum (4 LDs0 ). C16Dll did not confer protective effects upon the mice.
PEPSCAN assay
Among four clones (FDO3, ECO1, E5/G6 and C16D11) which cross-reacted to PUU, two of them (E5/G6 and C16Dll) were selected for their reactivities with PUU antigen since we could purify sufficient amounts of antibody. As shown in Fig. 3(a) , E5/G6 reacted to peptide 34 which corresponded to aa166-175 of Sotkamo virus NP. On the basis of this analysis, a decapeptide corresponding to aa 166-175 of HTN NP was synthesized (pE5G6). The oligopeptide pE5G6 competitively inhibited the E5/G6 antibody binding to the truncated gene product ofaa 104-204. The inhibitory effect was increased by reducing the E5/G6 antibody (Fig. 3 b) . These results confirmed the epitope of E5/G6 to be located within the peptide sequence EDVNGIRKPK. We also tried to determine the epitope of C16Dll. However, no significant reaction was obtained with C16Dll antibody in this PEPSCAN assay.
Discussion
In this study, we determined the seven antigenic sites on Hantaan virus NP by competitive binding assay with MAbs and measuring their reactivity to truncated gene products.
Although the seven antigenic sites partially overlapped each other and a limited number of truncated products were sufficient to identify the exact regions of each site, the seven antigenic sites, except for site 7, were located with the same orientation to that obtained by competitive binding assay.
Immune serum from mice experimentally infected with HTN virus was reactive in Western blots only with aa 1-103 which corresponds to the region I. This indicated that the region contained major linear epitopes. In addition, the region shared common hantavirus antigenic determinants since MAbs to the region (ECOI and ECO2) cross-reacted to other hantavirus serotypes. These results were consistent with the finding in PUU (Lundkvist et al., 1995) and FCV (Jenison et al., 1994; Yamada et al., 1995) . Therefore, these were considered to be characteristics common to the NP of hantaviruses. Most of the MAb clones which failed to react with Western blots also lacked or showed lower reactivity to E. col#expressed recombinant protein in avidin-capture ELISA. (Tables 2 and 3 ). This indicated that conformation-dependent epitopes might be expressed incorrectly in this system. Therefore, location of conformation-dependent epitopes and their immunodominance remains unclear.
A dot matrix comparison among hantavirus NPs revealed that two regions of HTN NP (aa 1-83 and 233-304) are relatively unique. Truncated gene products which combined the two unique regions have been applied as diagnostic antigens in distinguishing HTN and Seoul virus infections from those of other hantaviruses (Wang et al., 1993) . In this study, we considered that an HTN-specific antigenic site (site 7, aa 205---290) was located at a similar region. However, the truncated gene product at site 7 alone was not detected by the antibody, probably because it lacked linear epitopes.
Although anti-NP antibodies generally do not neutralize virus activity in the ordinary plaque reduction neutralization test, the effect of anti-NP antibody in the inhibition of vesicular stomatitis virus growth within cells has been studied in a cell-free translation system (Carrol & Wagner, 1978; Harmon & Summers, 1982) or by introducing the antibody to cells by scrape-loading technique in rabies virus infection (Lafon & Lafage, 1987) . The inclusion of MAbs into cells by this method could be explained by the presence of holes temporarily induced by scraping. The diameter of the holes would have to be at least 14-2nm which is the maximal extension of the IgG molecule (Lafon & Lafage, 1987) . Here, we applied scrape-loading to examine the role of NP MAb within cells on HTN growth. MAbs to most of the antigenic sites inhibited the spread of infection, as well as release of the virus into culture fluids (Table 4) . Cross-inhibition activity to both HTN and SR-11 was obtained with clones ECO2, E5/G6 and F23A1, all of which cross-reacted with both strains in the IFA. In addition, these MAbs had no neutralization activity when reacted with virus prior to infection (data not shown). These results suggested that the inhibitory effect is caused by specific antigen-antibody binding within cells.
The inhibitory clones also conferred protection upon newborn mice by passive administration. The protective rates were higher with clone E5/G6 than that with F23A1, indicating a correlation between the inhibitory effect by scrape-loading and passive protection in mice. C16DI 1 is described as non-protective (Table 5 ). Thus the mechanism by which the protective effect is induced in mice may be related to that observed with scrapeloading in culture cells. A protective effect of nonneutralizing antibody and of immunization with virus internal protein has been found in animal models of various virus infections including those of hantaviruses Takita et al., 1993; Yoshimatsu et al., 1993 b) . Cell-mediated immune responses such as antibody-dependent cellular cytotoxicity or direct cellular cytotoxicity have been considered as the most plausible mechanisms involved in the protection. We found that passive administration of the antibody to a recombinant baculovirus expressing NP conferred protection to newborn mice only when it was given before infection. However, it still unclear whether the immunologically immature newborn mice (less than 24 h after birth) were actually protected by antibody-mediated cellular immunity.
The effect of antibody on the clearance of Sindbis virus infection from the nervous system of experimentally infected SCID mice has been reported by Levine et al. (1991) , They showed that passive administration of antibody cleared virus antigen and RNA from the nervous system but that sensitized T cell transfer showed no effect. Thus, a humoral immune response alone mediated virus clearance from mice. Irruption of antirabies virus antibody in culture medium into BHK cells has been observed and the rate of antibody uptake is higher in rabies virus-infected, than uninfected cells (K. Mannen, unpublished data). Thus, a direct effect of antibody other than via the cell-mediated immune response should be considered as a protective mechanism.
The epitope of MAb clone E5/G6 which showed the highest effect for inhibition of virus growth and protection from infection in newborn mice was defined by the PEPSCAN assay followed by binding inhibition with a synthetic peptide. The defined epitope sequence EDVNGIRKPK is conserved among HTN ( ., 1994) . These results correlate to the cross-reactivity of the E5/G6 clone to the four representative strains of hantaviruses tested. Therefore, induction of immunity to the E5/G6 epitope showed the possibility of inducing protective immunity against the different serotypes of hantaviruses. However, the truncated gene product from aa 104-204 which included the E5/G6 epitope, failed to react with immune mouse serum, indicating that the epitope is not immunologically recognized during natural infection. The induction of immunity with the synthetic peptide to the particular epitope which may not be induced during the natural infection should be studied in developing a peptide vaccine. Although the E5/G6 epitope is positioned outside the RNA binding region which is reportedly located at 100 amino acids of the C terminus (Gott et al., 1993), the inhibitory effect E5/G6 antibody on RNA binding should be studied.
